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A B S T R A C T   

Tsunami vulnerability of coastal buildings has gained more and more interest in recent years, in the con
sciousness of what losses may be caused. The improvement of the available approaches for the quantitative 
estimation of the probability of building damage and for defining possible strategies for risk mitigation is an 
actual goal. In this framework, several authors have provided empirical fragility curves based on field surveys 
after tsunamis. Nevertheless, a predictive approach based on analytical fragility curves, which can be extended to 
many classes of buildings, is essential for the scopes of civil protection and risk mitigation. In this paper, an 
approach for the construction of fragility curves, proposed for masonry structures under tsunami waves, is 
discussed and refined in the part regarding the assignment of the uncertainties. Further, an assessment of the 
reliability of the lognormal fragility distribution is carried out based on a Monte Carlo simulation applied to 4 
classes of buildings. Here, it is shown that Monte Carlo analysis allows a direct evaluation of the uncertainties 
without the need to resort to ambiguous regression analyses and rules of combination of the uncertainties of 
demand and capacity based on the regression analysis results or other uncertainty estimation approaches.   

1. Introduction 

History, recent and past, reveals that tsunamis are among the most 
dangerous and destructive events. Geology aids in recognizing that there 
has been a periodical recurrence of tsunamis for several centuries. This 
justifies the efforts of the scientific community and global organizations 
in trying to understand tsunami hazard, vulnerability of constructions 
and population preparedness in such a way as to provide a probabilistic 
representation of the possible losses and to propose strategies for risk 
mitigation [1]. 

Deaths and destruction of tsunamis in the last decades give an idea 
that much has to be done. Refer for example to the tsunamis of the 
Colombian Pacific coast in 1906 and 1979, of Italy in 1908, of Japan in 
1993, of Indonesia in 2004 and 2018, of Samoa in 2009, of Chile in 
2010, of Japan in 2011 [2–9]. The latter event was particularly 
remarkable because of the nuclear disaster after the Fukushima power 
plant was inundated by the tsunami waves. In Fig. 1, the effects of this 
tsunami on the city of Ishinomaki are shown providing a measure of the 
destructive power of this event. All of these tsunamis were caused by 
earthquakes, however, underwater landslides or volcanic eruptions may 
cause destructive tsunamis as well. An example is the Alaska tsunami in 

1958 [10]. 
Historically, the Mediterranean coasts were hit by catastrophic tsu

namis: for example in 365 A.D., an earthquake with epicentre close to 
Crete Island was followed by a tsunami that caused 50,000 deaths along 
the coasts of Egypt, Greece, Sicily and Palestine; in 1169, 20,000 deaths 
were counted along the coasts around Catania because of a tsunami; in 
1693, a tsunami caused over 60,000 deaths in Italy and Greece; in 1783, 
about 2000 deaths were registered in the Sicilian coasts of Messina and 
Reggio Calabria; in the same coasts, in 1908, a tsunami caused waves up 
to 12 m high and 40,000 deaths. 

Among the structures exhibiting high vulnerability to tsunamis, 
masonry and wood structures have been revealed to be the most critical. 
Lower vulnerability has been observed for reinforced concrete structures 
and steel structures [11]. 

Fragility curves are powerful tools for the prediction of the proba
bility of collapse or damage to an action of assigned intensity. In this 
framework, the experience gained in the case of earthquakes is funda
mental [12–16]. In the case of tsunamis, fragility curves can accurately 
depict the state of the coastal areas after a critical event. If used as a 
prediction tool, fragility curves in combination with the site hazard aid 
in defining appropriate policies for the mitigation of tsunami risks 

* Correspondence to: University of Palermo, Viale delle Scienze, Palermo, Italy,. 
E-mail address: liborio.cavaleri@unipa.it (L. Cavaleri).  

Contents lists available at ScienceDirect 

Structures 

journal homepage: www.elsevier.com/locate/structures 

https://doi.org/10.1016/j.istruc.2024.106421 
Received 20 October 2023; Received in revised form 1 April 2024; Accepted 13 April 2024   



Structures 63 (2024) 106421

2

involving constructions. Large-scale analysis of coastal areas should be 
carried out to obtain analytical fragility curves for classes of construc
tions by quantitative methods. The introduction of simplifications in the 
quantitative approaches is consistent with the effort needed for a 
large-scale analysis. 

The choice of the tsunami Intensity Measure (IM), as in the case of 
earthquakes, is an open issue. However, the most simple way to describe 
a tsunami intensity is through a physical parameter called inundation 
depth (h) [17–20], which is the height of the wave front impacting a 
construction. Alternatively, the flow velocity (u) or the momentum flux 
(hu2), can be used, or again the Froude Number Fr = u/

̅̅̅̅̅
gh

√
[21]. 

However, the use of these parameters is less usual because difficult to 
manage. 

Empirical tsunami fragility curves, which are obtained by the 
observation of the scenario caused by a tsunami, are available in the 
literature for different types of buildings [22–25]. These curves are 
obtained by estimating, by a field survey, the cumulative damage 
probability exceedance and assuming a lognormal distribution of the 
damage probability. This approach needs to fix a measure of the un
certainties involved, which converge to a unique number that synthet
ically encloses the uncertainties associated with demand and the 
uncertainties connected to structural capacity. Analytical fragility 
curves have been proposed as a prediction tool for different types of 
constructions [17–19,26]. Recently, Ferrotto and Cavaleri [27] pro
posed an approach for masonry buildings in the Mediterranean area. 

Both for empirical and analytical fragility curves, the definition of 
the parameter involving the uncertainties is crucial. A comparison be
tween fragility curves having the same median value of the intensity 
(that is the value of the intensity to which a 50 % exceedance probability 
corresponds) but different standard deviation values is shown in Fig. 2. 
The standard deviation influences the slope of the curve, in particular, 
the increment of the slope corresponds to a reduction of the uncertainty 
parameters. 

The assessment of the uncertainty is generally obtained as a combi
nation of the demand uncertainties and the capacity uncertainties, after 
a regression analysis to define a correlation, on average, between in
tensity of the external action and structural response, as will be better 
clarified hereinafter. If the procedure for the fragility evaluation is based 
on a Monte Carlo simulation, this approach is not useful because in
creases the computational effort and the possibility of inconsistent re
sults as will be discussed in the following sections, where the procedure 
proposed in [27] will be resorted for comparison highlighting each time 
the advantages of a Monte Carlo simulation. 

2. Fragility distribution and uncertainties 

As mentioned before, fragility curves are cumulative distribution 
functions that can express the probability of exceedance of a building 

Damage State (DS) over a range of values of an input intensity. 
The assumption of lognormal distribution of the input intensities 

causing the before-mentioned damage state is the most successful. 
Under this assumption the conditional probability density function p is 

p(DS|IM) = f (IM) =
1

IM⋅β⋅
̅̅̅̅̅
2π

√ ⋅exp

(

−
(ln IM − μ)2

2⋅β2

)

(1)  

where µ and β are the mean and the standard deviation of the IM loga
rithmic values, respectively. A typical shape of the probability density 
function in question is shown in Fig. 3, evidencing that the random IM 

Fig. 1. Effect of tsunami on the city of Ishinomaki (Japan) in 2011.  

Fig. 2. Fragility curves characterized by the same IM median but different 
standard deviations. 

Fig. 3. Shape of a conditional probability density function in the case of 
lognormal distribution. 
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value is defined among the positive real numbers consistently with the 
physical meaning of IM itself which cannot assume negative values. 

The cumulative probability distribution function (cdf) associated 
with the probability density function (1) is obtained as 

F(IM) =

∫ IM

0
p(DS|z)dz =

∫ IM

0

1
z⋅β⋅

̅̅̅̅̅
2π

√ ⋅exp

(

−
(ln z − μ)2

2⋅β2

)

dz (2) 

It is simply proved that Eq. (2) can be expressed as 

F(IM) =
1
2
⋅
[

1+ erf
(

ln IM − μ
β
̅̅̅
2

√

)]

(3)  

where erf(⋅) is the error function, that is 

erf
(

ln IM − μ
β
̅̅̅
2

√

)

=
2̅
̅̅
π

√

∫ ln IM− μ
β
̅̅
2

√

0
e− t2 dt (4) 

Because the probability density function (pdf) is defined for positive 
values of IM, consistently with the meaning of IM itself, this pdf is more 
appropriate than the Gaussian distribution that is defined in the range 
[-∞ , + ∞]. However, the analytical advantages of a Gaussian distri
bution are maintained because of the dependence of the lognormal 
distribution statistics on only two parameters, mean μ and standard 
deviation β of the logarithms of IM (that is generally the inundation 
depth as discussed above). 

As regards the value to be assigned to the parameter β representing 
the uncertainties, several approaches have been proposed in the litera
ture, therefore a standard methodology has not yet been available. 
Karafagka et al. [18] considered statistically independent uncertainties 
for both demand and capacity, setting the uncertainties based on 
HAZUS-MH guidelines [28]. To this point, the overall standard devia
tion β is calculated as the square root of the sum of squares of the un
certainties assigned to demand (βD) and capacity (βC), that is 

β =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

β2
C + β2

D

√

. (5) 

Medina et al. [19] tried to evaluate uncertainties by combining a 
Monte Carlo generation of the parameters for tsunami forces and r.c. 
frame building materials, but in that case, the effort for the non-linear 
analyses used for the comparison between capacity and demand, 
limited the capacity uncertainties to the characteristics of the materials, 
assuming as deterministic the building geometry. However, taking into 
account the variability in the geometry is basic for predictions in large 
areas. 

In [27], a similar approach was adopted based on a Monte Carlo 
simulation including, among the random variables, the structural ge
ometry, the mechanical characteristics of the material, the tsunami 
horizontal loads, the vertical external forces due to weight and service 
loads and the internal forces derived by the random combination of 
structural geometry and external forces. The combination of the un
certainties of capacity and demand (assumed statistically independent) 
by Eq. (5) is obtained after the statistical processing of the results. 
Preliminarily, a regression analysis for obtaining a correlation between 
inundation depth logarithms and structural internal forces (demand) 
due to tsunami actions is used. The regression curves provided the set of 
values of inundation depth logarithms strictly corresponding to the 
structural capacities backwards for the assessment of the inundation 
depth statistics. Finally, standard deviation of capacity and demand 
were combined in agreement to Eq, (5). This approach causes inevitably 
a loosing of information about the probabilistic variability of the inun
dation depth strictly depending on the regression analysis. Further, the 
independence, from the statistical point of view, of capacity and demand 
is a simplification whose reliability is not sure. In fact, the demand (the 
internal forces corresponding to the inundation depth) is strictly 
dependent on the structural geometry that affects the structural 
capacity. 

The alternative is, once a random distribution for each involved 

random variable is fixed, to carry out a Monte Carlo simulation 
obtaining the parameter β, synthetizing the uncertainties of all the 
involved random variables. This is achieved directly by the statistical 
processing of the analysis results, without any further approximation or 
approximated assumption, using a backward strategy as described 
hereinafter. Therefore, the overall uncertainty β can be the result of the 
Monte Carlo analysis without any further approximated manipulation of 
the results as it will be better explained in the following sections. 

3. Actions due to tsunami 

Tsunami events induce various load effects on structures, as reported 
in FEMA P-646 [29] and ASCE/SEI 7–16 [30]. Loads caused by tsunami 
waves strictly depend on the inundation depth, that is the height of the 
water flow impacting a construction, and the flow velocity. Loads in
crease when the inundation depth and the flow velocity increase. The 
dynamic components of the loads are influenced by velocity and inun
dation depth while the static components are influenced by inundation 
depth only. In general, loads caused by tsunamis include hydrostatic and 
hydrodynamic components, water impact (impulsive component), 
debris impact, debris damming, buoyancy and uplift forces, water 
retention at elevated floors, and scouring effects [31–38] Since these 
forces do not occur simultaneously, the standard codes provide recom
mendations for combining them when applied on structures. 

In this study, the evaluation of tsunami forces follows the approach 
proposed by FEMA P-646 [29], considering two main phases of loading. 
The first one is characterized by an impulsive force (Fi) and the second 
phase is characterized by a force obtained as the sum of the hydrostatic 
(Fh) and hydrodynamic (Fd) actions. These forces depend, in each case, 
on a specific inundation depth (h) and flow velocity (u). The hydrody
namic force (Fd), uniformly distributed, is evaluated depending on the 
angle - called α − between the flow direction and the front of the 
impacted building, the hydrostatic action has a classical triangular dis
tribution with zero corresponding to the water flow upper surface. 
Further, the impulsive force (Fi), acting at the moment of the first wave 
impact and assumed for sake of simplicity with the same direction as the 
hydrodynamic component, is evaluated as 1.5 times the hydrodynamic 
component itself. No other forces are here considered to evaluate the 
response of buildings because of a real difficulty in their determination 
or because not decisive in the building damage. In conclusion, the 
resulting external forces for each horizontal meter of construction 
breadth impacted are evaluated as: 

Fh = C0
1
2

ρgh2; Fd = C0
1
2

ρCD
(
h⋅u2)f (α); Fi = 1.5Fd (6)  

where ρ is the density of the fluid, which includes sediments, and is 
assumed equal to 1100 kg/m3 , g is the gravitational acceleration and CD 
is the drag coefficient, measuring the resistance of an object in a fluid 
environment, f(α) depends on the direction of the water flow with 
respect to the impacted surface. It allows to calculate the component of 
the force orthogonal to the building surface, that is f(α)= cosα or f(α)=
sinα depending on the side of the building considered). Further, C0 takes 
into account the opening ratio of the impacted surface. Hence, C0 ≤ 1. 

It is very difficult to know the maximum velocity associated with a 
fixed inundation depth h during a tsunami event. However, there is a 
convergence in stating that the Froude number (that is a parameter used 
to characterize the flow of fluids, hereinafter called FR) has to be less 
than 2 according to Matsutomi and Okamoto [39] and Attary et al. [40], 
that is: 

FR = u
/ ̅̅̅̅̅

gh
√

< 2 (7) 

Consistently with the superior limit, the value umax fixed for the flow 
velocity is: 

umax = 2
̅̅̅̅̅
gh

√
(8) 
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The limits for the flow velocity assigned in this way are consistent 
with the limits depending on the vertical run-up R and the ground 
elevation of the construction with respect to the mean level of the sea 
(here called z) [19]: 

umax = k
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2gR
(

1 −
z
R

)√

, kmax = 0.7 (9)  

(
hu2)

max = gR2
(

0.125 − 0.235
z
R
+ 0.11

(z
R

)2
)

(10) 

However, in this study, the ground elevation of the construction has 
not been considered, therefore, for the limit of the flow velocity u, only 
Eq. (8) has been referred to. 

4. The updated methodology for the definition of fragility curves 

The procedure for the definition of fragility curves is synthetized in 
the flow chart in Fig. 4. It starts from the generation of tsunami events by 
the random generation of a set of flow velocities associated with a 
specific inundation depth and replicating the generation of u for 
different values of the inundation depth. In this way, hydrostatic, hy
drodynamic and impulsive components can be calculated each time. 
These forces depend on the shape of the building impacted so a defini
tive calculation of them depends on the generation of the construction 
geometry. 

Therefore, the h-u couples (inundation depth-flow velocity) are used 
for the evaluation of the hydrodynamic and impulsive forces that 
depend also on the breadth of the construction in the direction orthog
onal to the flow. The next step is the evaluation of the internal forces to 
be compared with the capacity depending on the geometry but also on 
several random variables such as the material mechanical parameters, 
the orientation of the structural elements of the slabs affecting the level 
of vertical loads, the opening ratio and so on. 

All the analyses carried out for an assigned value of h, after the 

random generation of all the variables involved, allow the recognition of 
the percentage of cases in which the limit state considered is overcome. 
This way, a direct construction of the fragility curve is possible con
taining the uncertainties of the demand and of the capacity, without any 
assumption of probabilistic independency of capacity and demand 
themselves. 

In the previous version of the approach formulated for masonry 
constructions (Fig. 5), the uncertainties of capacity and demand are 
evaluated separately and then combined assuming that capacity and 
demand are independent random variables. To this aim, regression an
alyses of the logarithm of inundation depth – logarithm of Engineering 
Demand Parameters (EDP) pairs are performed. Once building structure 
models are generated, the capacities are calculated and used as input in 
the regression fitting curves to obtain the corresponding logarithms of h 
whose statistic processing provides the uncertainties of the capacity. 
Then, the uncertainties of the demand are calculated referring to the 
differences between the points of the regression curve and the lnh-EDP 
points generated for the Monte Carlo analysis (In Fig. 6, a regression 
fitting curve before mentioned is reported for a better explanation). 

Finally, fragility curves are obtained by combining the log-standard 
deviations of the demand (βD) and of the capacity (βC) in agreement with 
Eq. (5). As can be observed, the past procedure is not linear and involves 
approximations not so necessary when the approach used is the Monte 
Carlo simulation. 

In the following section, an application of the updated procedure to 
different classes of buildings is proposed evidencing the details, the 
effectiveness and the rigor of the new procedure itself. 

5. Application details for some class of buildings 

5.1. Structural modeling and capacity models 

Two and three-storey residential regular masonry buildings are 
typical along the coasts of the Mediterranean Sea, as in the case of Sicily, 
North Africa, Greek islands and so on. In Fig. 7, aerial images of 

Fig. 4. Flow chart of the updated strategy for the assessment of tsunami 
fragility curves. 

Fig. 5. Flow chart of the original previous strategy for the assessment of 
tsunami fragility curves. 
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buildings in Sicily and Malta are shown. Such buildings will be the ob
ject of the following applications. In Fig. 8, a schematic plan of the 
buildings considered is shown where the dimensions of the walls and of 
the openings, as well as the position of the openings are considered 
random variables. 

The behavior of masonry buildings subjected to tsunami loads has 
been identified through simplified local models, considering that the 
global collapse is identifiable with a local collapse as usual in the 
practical applications and suggested by different codes. 

Therefore, a local analysis has been performed to recognize the 
structural collapse. In detail, the out-of-plane (OOP) response of walls 
directly impacted by the water flow is considered, as well as the in-plane 
(IP) response of walls, whose middle plane contains the water actions, 
that are not directly impacted by the water but to which wave action is 
transferred by walls directly impacted. In the case of OOP actions, ver
tical and horizontal bending are considered separately. In the case of IP 
action, bending and shear are both taken into account. In detail, Fig. 9 
shows a wall impacted by a water flow and the schemes for the calcu
lation of the demands in terms of horizontal and vertical bending. In the 
case of vertical bending, the masonry wall is modelled as a simply 
supported beam whose constraints correspond to the position of the 
slabs (Fig. 9-b), while, in the case of horizontal bending, the wall is 
modelled as a simply supported beam with constraints corresponding to 
the position of the bordering orthogonal walls (Fig. 9-c). 

Fig. 10 shows a wall that, due to the water flow, is characterized by 
an in-plane loading. In this case, the demand is calculated by the 
translation and rotation equilibrium conditions using, as external ac
tions, those applied on the influence area of the wall directly impacted 
by the water flow. 

Thickness t and in-plane dimensions of the walls, including openings, 
are considered random variables, uniformly distributed, in a range 
consistent with the real cases. Also, mechanical masonry characteristics 
(compressive and shear strength) are random variables. Differently from 
the previous ones, and as usual in the practice codes, these are assumed 

Fig. 6. Example of regression analysis of the ln(h) – EDP pairs.  

Fig. 7. Examples of masonry buildings along the Mediterranean coasts: a) and b) Syracuse, in Sicily, c) St. Paul bay, in Malta.  

Fig. 8. Plan geometry model of the classes of masonry buildings analyzed.  
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normally distributed. 

5.1.1. Out-of-plane behavior 
Internal forces (vertical and horizontal bending) are evaluated by 

applying the loads according to the schemes shown in Fig. 9. Vertical 
bending is evaluated by considering the distributed load on a beam 
having a cross-section equal to B⋅t. While, the horizontal bending is 
obtained by calculating the action on a beam having cross-section H⋅t, 
distributed on the breadth B of the wall. 

The vertical bending capacity of the cross-sections is obtained ac
cording to the current Italian Building Code 2018 [41] by means of the 
following equation. 

Mmax ,OOPv =
(

CO⋅t2⋅B⋅
σ0

2

)(

1 −
σ0

0.85fm

)

(11)  

being σ0 the mean compressive stress acting on the cross-section (that is 
σ0 =N/(B⋅t)), fm the masonry compressive strength, t the wall thickness, 
CO the opening coefficient (that is (B-w0)/B being w0 the sum of the 
horizontal lengths of the openings in the wall considered) and B the 
breadth of the masonry wall subjected to the tsunami wave. 

The horizontal out-of-plane bending capacity is evaluated by 
considering the arch effect of the masonry walls. The mechanism is 
exhibited by the expulsion of material from the top area of the wall and 
the detachment of wedge-shaped bodies accompanied by the formation 
of oblique and vertical plastic hinges. It is the particular case in which 
the activation of the kinematic mechanism is due to the crushing of the 

masonry at the plastic hinges, then the capacity is 

Mmax ,OOPh = fm⋅CO⋅H⋅
t
2
⋅f ; f =

t
3

(12) 

In Eq. (12), H is the height of the masonry wall, and f defines the 
position of the resultant of the internal forces at the ending cross- 
sections (Fig. 9-c). Note that, due to the assumption of a certain per
centage of openings in the walls, the resisting area has been reduced by 
applying the opening coefficient (C0 ≤ 1) to the bending moment 
resulting from the capacity models (11) and (12). Consider that the 
opening coefficient for the vertical bending capacity is not necessarily 
equal to the opening coefficient for the horizontal bending capacity. 
Also, the opening coefficient used in the evaluation of the tsunami forces 
may be different depending on the inundation depth. If the latter is 
lower than the height H of the wall, then the upper surface of the water 
may cross an opening determining a different opening ratio (for the 
scope of the calculation of the action caused by the water flow) with 
respect to the calculation of the effective wall capacity. 

5.1.2. In-plane behavior 
The in-plane bending moment and shear are obtained according to 

the scheme shown in Fig. 10. The wall in question is not directly 
impacted by the water flow but the forces are transferred by the close 
walls directly impacted by the water flow in the OOP direction. There
fore, the external forces are evaluated considering the resultant on the 
effective surface of the walls directly impacted by the water. The 
effective surface before mentioned is obtained considering the scheme 

Fig. 9. OOP local model: a) three dimensional scheme, b) scheme for vertical bending, c) scheme for horizontal bending.  
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proposed in Fig. 10 by which it is possible to evaluate the in-plane shear 
and the in-plane bending moment. Differently from the case of seismic 
analysis where the forces are applied at floor level, in the case of tsunami 
forces, the application point of the tsunami loads depends on the inun
dation depth and the distribution of the forces may be not properly 
depending only on the stiffness of the walls. If the wall in question has an 
opening, the majority of shear forces are absorbed by the part of the wall 
closer to the water flow. However, in the case of a good connection with 
the slabs and in the case of rigid slabs, the distribution may be very 
similar to the seismic case. This is the hypothesis here assumed. 

As regards the capacity, the Italian Building Codes [41,42] for the 
moment and the shear have been referred to and the bending and shear 
capacities have been calculated in a simplified way as follows: 

Mmax , IPv =
(
(CO⋅L)2⋅t⋅

σ0

2

)(

1 −
σ0

0.85fm

)

(13)  

Vt = CO⋅L⋅t⋅
1.5 τ0

b

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
σ0

1.5 τ0

√

(14)  

where the coefficient C0 has been inserted to take into account the ca
pacity reduction due to openings. In detail, Eq. (13) represents the 

bending moment capacity for a given axial load σ0 = N/(L⋅t) = qv/t (see 
Fig. 10 for a better comprehension of the meaning of the symbols). Eq. 
(14) expresses the shear capacity related to the diagonal shear failure 
provided by the Turnsek-Cacovic failure criterion, in which τ0 is the 
average tangential strength. In general, technical Codes provide a spe
cific range of τ0 for each masonry typology. 

5.2. Damage state 

For the analytical evaluation of tsunami fragility, there are different 
approaches available in the literature that consider different indexes for 
global and local damage [17–20]. It is worth noting that these ap
proaches refer generally to the analytical evaluation of tsunami fragility 
of reinforced concrete structures. Approaches are available for masonry 
building empirical fragility evaluation as those proposed by Suppasri 
et al. [22,23], associating the building conditions at the end of the 
tsunami inundation with specific indexes depending on the damage 
states encountered (non-structural damage, slight damage, medium 
damage, extensive damage, collapse or washed away). However, the 
definition of proper damage states for analytical fragility evaluation is a 
real challenge because it is not easy to relate for sure the level of damage 

Fig. 10. IP local model: a) three dimensional scheme, b) scheme for bending and shear.  
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observed in a real case to the variation of a mechanical parameter 
observed by an analysis, especially in the case of nonstructural damage. 
Conversely, the analytical recognition of the collapse state is 
consolidated. 

In this application, the collapse is associated with the reaching of the 
capacity of the members evaluated by a local approach. For the scope of 
this study, that is to show how to obtain uncertainties in the definition of 
fragility curves, no other damage states will be considered, being how
ever the here discussed procedure consistent with the possibility of 
considering any other type of damage state. 

5.3. Distribution of the random variables involved in the Monte Carlo 
simulation 

The methodology based on Monte Carlo simulations, consolidated in 
the field of seismic response [43,44], involves the generation of the 
structural geometry, the mechanical characteristics of materials and the 
parameters that characterize the tsunami events. Among the parameters 
for the geometry, the orientation of the structure of the slab is included 
affecting the level of the vertical forces on the walls and thus affecting 
their capacity. Here, the cases of two-storey and three-storey buildings 
are separately considered. Further, each case is split into two cases 
characterized by different probabilistic mechanical characteristics of the 
masonry. Each random variable is generated within specific ranges, as 
reported in Table 1, in accordance with the assigned probabilistic dis
tribution. In particular, a Gaussian distribution is assumed for the ma
terial strengths, while a uniform distribution for the other variables in an 
appropriate way because of the characteristics of the variables consid
ered [19]. The standard deviation of the Gaussian distribution of the 
strengths here assigned (accepted by some current standard codes, e.g. 
[41]) guarantees that the tails of the pdf go rapidly to zero in such a way 
Gaussian pdf does not provide a probability for not significative values 
(negative values or values close to zero). 

In the case of uniform distribution, the variable range is given, while 
in the case of normal distribution, mean and standard deviation are 
assigned. 

As regards to the mechanical characteristics of the masonry, the 
Gaussian distribution may contemplate negative values that are 
excluded during the procedure. However, as it can be observed by the 
distribution of the masonry strengths (Fig. 11), the likelihood of 
generating values lower than zero is really low, quickly converging the 
tails of the pdf to zero. 

As mentioned before, for the masonry mechanical properties, two 
distinct strength classes (referred to as “case 1″ and “case 2″) have been 
assigned (this assignment was aimed also to test the influence of these 
mechanical properties on the fragility). Mean and standard deviation 

values for compressive (fm) and shear strength (τ0) are fixed referring to 
the range provided by the Italian Building Code [41], which reasonably 
may be extended out of the Italian borders. 

The geometry of buildings is generated based on the scheme in Fig. 8. 
Once, the direction of the tsunami wave is generated, the walls along the 
two building sides impacted by the wave are checked. The dimensions 
B1, B2, L, t, H and the opening coefficient CO are generated in specific 
ranges of values (Table 1), consistently with the real cases. Additionally, 
the random orientation of the slab structures is assumed because strictly 
connected to the capacity of the walls. In fact, the mean level of the 
vertical stress σ0 on the walls depends on the orientation in question, 
changing the outcome of Eqs. 11, 13, 14. A total number of 1000 
different structural geometry models were generated and combined with 
the tsunami actions resulting by the generation of 3000 values of the 
velocity u for each value of inundation depth h. The levels of inundation 
depths in the range of 0.2 m – 4 m were investigated with a step of 
0.1 m. Hence, 39 different levels of the inundation depth h were 
considered being the i-th level hi given by 

hi = 0.2+(i − 1)⋅0.1 (15) 

Finally, each geometry model was loaded by different 39 × 3000 
tsunami events, each of them characterized by a pair h-u. In the 
following Fig. 12 the distribution of the generated geometric parameters 
(1000 buildings for each class were generated). 

Then, random values for the flow velocity u and the angle α defining 
the direction of the tsunami flow with respect to the structure orienta
tion (refer to Fig. 8 to know the direction corresponding to the zero 
value) are generated, with the assumption of a uniform distribution.  
Fig. 13 shows the values of the flow velocity u generated for each value 
of the inundation depth h and the corresponding range consistently with 
the limits fixed by Eq. (8). 

As before mentioned, the process involved the generation of 3000 
values of velocity for each inundation depth resulting in 3000 × 39 
tsunami scenarios. Considering that 1000 buildings were generated for 
each class, it resulted in N = 3000 × 1000 × 39 distinct analyses for 
each class, each of them including two load combinations (impulsive 
action on one hand and hydrostatic + hydrodynamic actions on the 
other hand). This strategy really guarantees the random characteristics 
of the input, which are basic for the probabilistic characterization of the 
structural behavior as often pointed out in the literature (e.g. [45]). 

5.4. Monte Carlo simulation and distribution of inundation depth at the 
collapse 

Therefore, Monte Carlo analysis included N = 3000 × 1000 × 39 
analyses for each class of buildings considered (2 storeys – lower ma
sonry strength (case 1); 2 storeys - higher masonry strength (case 2); 3 
storeys - lower masonry strength (case 1); 3 storeys higher masonry 
strength (case 2)), each time giving a value of the collapse capacity to be 
compared with the demand. 

It is necessary to point out that the Monte Carlo simulation here 
discussed disregards some sources of uncertainty because, for example, 
of the use of deterministic models of the capacity (Eqs. 11–14), of the 
deterministic assumption of the boundary constraints which charac
terize the walls out-of-plane loaded (Fig. 9) from which the demand 
depends and of some others assumptions. This fact is normal in a Monte 
Carlo simulation because generally some variables are assumed as 
deterministic and some others probabilistic. However, this may cause a 
loosing in the reliability of the probabilistic characteristics of the results. 
It occurs each time the deterministic assumptions in a Monte Carlo 
analysis do not find the true characteristics. In the cases here discussed, 
the deterministic assumptions involving capacity and demand are 
consistent with a behaviour that on average masonry walls are able 
conservatively to exhibit and, for this reason, these assumptions have 
been adopted. However, an enlargement of the list of the random vari
ables can be worthy to be considered being the proposed procedure 

Table 1 
Probabilistic characteristics of the random variables.   

random 
variable 

range mean standard 
deviation 

distribution 

Materials fm (case 1) - 2.3 MPa 0.26 MPa Gaussian 
fm (case 2) - 3.4 MPa 0.26 MPa 
τ0 (case 1) - 0.054 MPa 0.007 MPa 
τ0 (case 2) - 0.085 MPa 0.007 MPa 

Geometry B1 4-6 m - - uniform 
B2 4-6 m - - 
L 4-6 m - - 
t 0.4- 

0.7 m 
- - 

C0 0.5 – 
1.0 

- - 

H 3 – 4 m - - 
slab 
structure 
orientation 

0◦ or 
90◦

- - 

Tsunami 
load 

u 0-umax - - uniform 
α 0◦− 90◦ - -  
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simply improvable to manage a higher number of them. 
Both for the generation of the cases to be analyzed and for the ana

lyses, the Python programming language [46] was used, importing Py
thon libraries into the open-source PyCharm software. In detail, the 
capacity of each external and internal wall was calculated by using Eq.s 
11–14 which allowed the assessment of out-of-plane and in-plane 
collapse forces for each structural model generated. In Figs. 14 and 
15, the distribution of the capacities is inserted. It is evident that the 

level of the vertical loads (depending on the number of floors) influences 
the capacity in terms of vertical bending, caused by OOP action, more 
than the mechanical characteristics of the material. The influence of the 
latter seems negligible and this is consistent with the capacity model 
(11). It is similar for shear and in-plane bending (model (13) and model 
(14)) but not for the OOP horizontal bending because in that case there 
is no dependence of the capacity on the vertical load (see the model 
(12)). It is interesting because it reveals a dependence of a building’s 

Fig. 11. Probability density functions of the compressive and shear masonry strengths: (a) case 1, (b) case 2.  

Fig. 12. Values generated for the geometric characteristics of buildings: a) length of walls (B1, B2 and L), b) thickness of walls (t), c) opening coefficient (C0).  
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vulnerability on its height that is worthy to be further deepened. 
For each tsunami action, the ratio between structural capacity and 

tsunami demand (in terms of internal bending moments and shear) was 
calculated and during the iterations whenever the ratio was less than 1 
the corresponding value of h was stored. 

A count vector was created to count all the times that a specific 
inundation depth h caused the collapse damage state in agreement with 
the collapse mechanisms considered (OOP vertical bending, OOP hori
zontal bending, IP bending, IP shear). Subsequently, the count vector 

was normalized with respect to the total number N of cases analyzed 
(3000 ×1000 ×39) and the fragility points F(hi) were obtained. In this 
stage, the value of the inundation depth causing the collapse of 50 % of 
the cases analyzed (h50% - median value of the inundation depths of 
collapse) was identified and the logarithm of this value, representing the 
average of the logarithms of h, was also computed, that is 

μ = log(h50%) (16) 

In order to evaluate the uncertainties (namely the standard deviation 
of the values of the inundation depths h associated with the incipient 
collapse) a backward procedure was used. First, the probability distri
bution of h was calculated starting from the fragility results. In details, 
the number of outcomes Nhi for h=hi was obtained as 

Nhi = Nhi − Nhi− 1 (17)  

where Nhi , that is the number of cases exceeding the collapse state at an 
inundation depth hi, is obtained by multiplying the value of the fragility 
curve corresponding to hi itself [F(hi)] by the total number of cases N of 
the Monte Carlo simulation, namely: 

Nhi = F(hi)⋅N (18) 

To this point, it was possible to calculate the standard deviation β of 
the logarithms of h as 

Fig. 13. Flow velocity values generated for each inundation depth.  

Fig. 14. Distribution of the capacities: case 1 (lower masonry strengths).  
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β =
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√
√
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√

(19)  

where E[⋅] is the average operator. It is worth observing that, the value of 
the standard deviation obtained encloses the uncertainties of the 
random variable involved (geometrical, mechanical and about the 
input) giving an overall representation in connection to the definition of 
the fragility curves. The approach used does not request the assumption 
of the independence of the capacity and the demand uncertainties and 
the use of Eq. (5), which does not reflect the real correlation between the 
random variables involved. In fact, the internal forces (demand) depend 
on the input and on the geometrical characteristics of a building. The 
latter contributes to defining the capacity. This makes more than one 
doubt arise about the hypothesis of probabilistic independence of ca
pacity and demand. 

The discrete conditional probability density distribution of the 
collapse obtained by the analyses has been compared with the 
lognormal pdf given by Eq. (1) once the average (μ) and the standard 
deviation (β) of the logarithms of h have been obtained by the results of 
the Monte Carlo simulation. In this connection, Fig. 16, in which the four 
classes of building analyzed, i.e. 2 storeys – case 1, 3 storeys – case 1, 2 
storeys – case 2 and 3 storeys – case 2, gives evidence of the appropri
ateness of this type of probabilistic distribution and the capability of Eq. 
(1) to give a probabilistic representation of the number of incipient 
collapses associated to a certain value of the inundation depth. 

In Fig. 16, the values of the mean of the logarithms of h (that is μ) and 
the standard deviation of the logarithms of h (that is β) are explicitly 
indicated. Further, the median (μ*) and the standard deviation (β*) of 
the inundation depth h are also included. From the results, it can be 
observed that the number of storeys causes an increase in the un
certainties higher than the variation of the mechanical characteristics of 
the masonry. This is due to the key role of the vertical loads in the ca
pacity of the internal and external walls traducing in a different level of 
σ0 in Eq.s 11, 13, 14. The increase in the number of storeys causes an 
increase in the range of σ0 depending on the orientation of the slab 
structure. However, both increases in the number of storeys and ma
sonry strengths cause an increase in the median value of the inundation 
depth, that is the value corresponding to a probability of collapse ex
ceedance of 50 %. It is worth noting that the increase of the median 
value is relatively modest with respect to the masonry strength and 
becomes more pronounced as the number of storeys increases. 

If the geometry is assumed as deterministic (this is the approach 
followed in [19]) leaving as random the material strengths and the 
inundation depth–flow velocity pairs, one observes, as expected, a 
reduction of the overall uncertainty. However, the lognormal distribu
tion of the conditional probability density of collapse may be not 
appropriate as is shown in the next Fig. 17. In the latter case, a two 
storeys building is assumed as deterministic with intermediate masonry 
strengths compared to case 1 and case 2, previously considered. As it is 
clear, there is a level of inundation depth that causes the collapse of the 
structure in any case because of the hydrostatic action, which is inde
pendent of the flow velocity. This causes a sudden drop in the condi
tional probability density of collapse that makes the analytical curve of 

Fig. 15. Distribution of the capacities: case 2 (higher masonry strengths).  
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the lognormal distribution move away from the results of the Monte 
Carlo analysis. This has a consequence on the fragility reliability, as it 
will be shown in the next section. 

5.5. Fragilities 

The results of the Monte Carlo simulations discussed in the previous 
section in terms of mean and standard deviation of the logarithms of the 
inundation depths associated with the collapse are used for the con
struction of the analytical fragility curves, the latter depending on these 
two parameters as widely discussed before. A comparison of the fragility 
points at the collapse derived by Monte Carlo simulation and the 
lognormal analytical distribution is included in Fig. 18 for the four 
distinct building typologies (2 storeys – case 1, 3 storeys – case 1, 2 
storeys – case 2 and 3 storeys – case 2) considered. The comparison 
shows a good agreement between the model assumed for the probability 
distribution and the Monte Carlo simulation. It is worth noting that the 
median values of inundation depth corresponding to the collapse dam
age state were determined to be 1.73 m, 2.05 m, 1.75 m and 2.11 m for 
2 storeys buildings – case 1, 3 storeys buildings – case 1, 2 storeys 
buildings – case 2 and 3 storeys buildings – case 2, respectively. The 
increase was much more evident in the case of a higher number of sto
reys which meanly determines an increase of the vertical loads on the 
walls improving the capacity, as before mentioned. The improvement of 
the mechanical characteristics of masonry (compressive and shear 
strengths) had a minor or almost negligible role in agreement with the 
bending and shear capacity models used. All this is clear from Figs. 19 
and 20 where a comparison in terms of fragility is done in the case of 
different numbers of stories and in the case of different mechanical 
characteristics of the material. 

(a) (b)

(c)                                                                                    (d)
Fig. 16. Conditional probability density of collapse: a) 2 storeys - case 1; b) 3 storeys - case 1; c) 2 storeys - case 2; d) 3 storeys - case 2.  

Fig. 17. Conditional probability density of collapse in the case of determin
istic geometry. 
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Figs. 19 and 20 really show that the higher influence on the fragility 
is given by the level of the vertical loads due to the number of storeys. In 
fact, the increment of vertical load causes an increasing of the wall 
capacity. 

For the sake of completeness, the fragility points obtained in the case 
of deterministic geometry are inserted in the figure below, evidencing an 
underestimation of the collapse exceedance probability in the proba
bility range 0.75–1.. 

6. Conclusions 

In this paper, a procedure for the definition of analytical fragility 
curves for multi-storey masonry buildings under tsunami actions to be 
used in huge areas, improving the approaches in the literature in the part 
regarding the assignment/assessment of the uncertainties, is proposed 
and discussed, contemporary verifying in which conditions the fragility 
lognormal distribution is reliable. 

The study, particularized to the case of one-storey and three-storey 

(a) (b)

(c) (d)

Fig. 18. Collapse exceedance probability: a) 2 storeys - case 1; b) 3 storeys - case 1; c) 2 storeys - case 2; d) 3 storeys - case 2.  

Fig. 19. Analytical collapse exceedance probability: a) comparison between 2 storeys buildings characterized by different strengths of masonry (case 1: lower; case 2: 
higher); b) comparison between 3 storeys buildings characterized by different strengths of masonry (case 1: lower; case 2: higher). 
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masonry buildings typical of the Mediterranean area, has highlighted 
that:  

1) assuming the probabilistic distribution of the variables involved in 
the structural capacity (geometry, mechanical characteristics, etc) 
and the probabilistic distribution of the random variables involved in 
the Tsunami demand (inundation depth and flow velocity) leads to a 
robust assessment of the probability of a damage state occurrence;  

2) capacity and demand are strictly dependent by the probabilistic 
point of view, therefore the fragility assessment approaches based on 
the assumption of the independence of the uncertainties of demand 
and capacity may be unreliable;  

3) using Monte Carlo simulation does not require a separate assessment 
of the uncertainties of capacity and demand for their following 
combination as currently proposed in the literature;  

4) the results of the Monte Carlo simulation, in terms of probability of 
exceedance of a damage state, can be optimally fitted by analytical 
lognormal distribution curves, depending on mean and standard 
deviation of the logarithms of the inundation depths associated with 
the building damage state considered;  

5) the rigorous evaluation of the uncertainties by the Monte Carlo 
simulation, and the good agreement between results of the Monte 
Carlo simulation and lognormal distribution curves, evidences the 
effectiveness of the strategy for obtaining the analytical fragility, not 
constrained to the assumption of probabilistic independence be
tween capacity and demand; 

6) the lognormal distribution of the fragility may fail in the case, pro
vided in the literature, of deterministic assignment of the building 
geometry and probabilistic assumption of demand and structural 
mechanical characteristics; this underlines the appropriateness of the 

procedure discussed for large-scale evaluations characterized by a 
random variability of the building geometries. 

The procedure, applied in the case of masonry buildings and resulted 
quick for large-scale evaluations because of the simplified model ca
pacity used, is modifiable to be adapted to different building/structure 
typologies. 
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